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Abstract
The work presented extends and contributes to research in earthing and lightning
protection and focuses on the transient behaviour of a driven rod earth electrode.
Although previous work in this area has produced practical guidelines and models
that may be used for lightning protection system design and analysis purposes, there
has not been an investigation into the commonly encountered scenario of multiple
layers of dierent soil types, particularly where high current densities cause ioni-
sation to occur in the surrounding soil. In the research presented, the behaviour
of a practical driven rod earth electrode subjected to peak impulse currents of up
to 30 kA is analysed. Measurements obtained using a large-scale experiment ar-
rangement are compared against results obtained using a time-domain circuit model
simulation. It is shown that a single apparent resistivity value calculated from the
steady state resistance equation and the measured steady state resistance can be
used as a simplication for modelling the lightning current transient behaviour of a
driven rod earth electrode in multi-layer soil. This represents a unique and valuable
contribution to engineers working in the eld of earthing and lightning protection.
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Introduction
An earth electrode is an important component in any electrical system because
it protects both equipment and people from potentially hazardous voltages caused
when lightning or fault currents are introduced into the system (SANS 10199, 2004).
An earth electrode can take a variety of shapes and forms, and is typically installed
in ground that has wide ranging characteristics. In South Africa, since a signicant
proportion of industry is located in areas characterised by dry, sandy or rocky ground
with high resistivity values (Nixon, 1999) it is particularly important to understand
the behaviour of an earth electrode, especially due to the unfavourably high lightning
ground ash density also encountered in these areas (SANS 10313, 1999). Failure
to correctly understand and quantify this behaviour inevitably results in the design
of excessively expensive and/or ineective earthing systems.
A commonly encountered scenario is an electrode that is installed in ground with
various layers due to either geological stratication (IEEE Std 80, 2000; SANS 10199,
2004) or compacted back-ll on a new industrial site. Whilst the steady state be-
haviour of an earth electrode buried in homogeneous soil (IEEE Std 80, 2000; Phillips
et al., 2004; SANS 10199, 2004; Sunde, 1949) and multi-layer soil (Chow et al., 1995;
Dawalibi & Mukhedkar, 1974; Takahashi & Kawase, 1990) is well documented from
both practical and theoretical perspectives, the non-trivial physical processes that
occur during transient conditions are not yet fully understood and pose a consider-
able engineering challenge (Oettle, 1987).
This thesis introduces a simplied yet still accurate engineering approach to mod-
elling the lightning transient behaviour of a driven rod earth electrode buried in
multi-layer soil. Using computer model simulations and large-scale experiment re-
sults the simplied approach is veried. Simulation results are obtained using tran-
sient analysis of an equivalent circuit that includes the non-linear eect of soil ion-
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isation using a modied version of the Liew-Darveniza model (Liew & Darveniza,
1974; Nixon, 1999). The experiment results used are from a series of outdoor ex-
periments where high current impulses were applied to a single driven rod earth
electrode (Phillips & Anderson, 2002).
The structure of the thesis is as follows:
Chapter 2: A brief outline of previous research is provided. The assumptions
and limitations of existing models are discussed. Fundamental principles are in-
troduced by considering the transient behaviour of a hemispherical electrode. Im-
proved soil ionisation models are summarised. The important concept of the dy-
namic impedance of an earth electrode is explained and the scope of the thesis is
dened.
Chapter 3: The problem addressed by the thesis is dened and the overall approach
taken to solve the problem is described. The earth electrode and soil conguration
selected for investigation is explained as well as the choice of impulse current wave-
shapes. The contribution made by the thesis is provided.
Chapter 4: The equivalent circuit model used to simulate the non-linear behaviour
of a driven rod earth electrode in multi-layer soil is described. The derivation,
the algorithmic representation and subsequent implementation of the model are
presented. The choice of parameter values used in the simulation is discussed, and
in particular the use of a simplied value of soil resistivity is proposed.
Chapter 5: The selection of a suitable large-scale experiment test site used to
apply high current impulses to a single driven rod earth electrode in multi-layer
soil is discussed. Details are provided about the overall test site, including the im-
pulse generator used, the current and voltage measurement setup and the necessary
measurement post-processing employed.
Chapter 6: The simulation and experiment results obtained in Chapters 4 and 5
are compared and discussed. It is shown that there is strong agreement between the
simulated and experiment values supporting the simplied approach introduced by
the thesis. Some thoughts on modelling and the validity of the simplication made
to the value of soil resistivity used are presented.
Chapter 7: The ndings of the thesis are summarised and areas for further research
are identied.
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Additional supporting material is provided in the appendices as follows:
Appendix A: The ATP-EMTP source code for the MODELS implementation of
the dynamic resistance described in Chapter 4 and the corresponding main data
case le used to generate the simulation results in Chapter 6 are provided.
Appendix B: The key modication introduced to the Liew-Darveniza model in
Chapter 4 is summarised. Using current waveshapes and parameter values similar
to those used in body of the thesis the modied model is compared against an al-
ternative implementation. It is shown that the modied model adequately describes
the dynamic behaviour of a driven rod earth electrode.
Appendix C: The measurement challenges encountered in the experiment are dis-
cussed. The inadvertent resonance in the setup is characterised and its source ex-
plained. Details are provided on the lter used to remove the unwanted noise. The
raw unltered and nal ltered experiment data is presented.
For convenience, each chapter and appendix begins with a summary of the main
points covered and each chapter ends with a brief introduction to the following
chapter.
In the following chapter a background to the transient behaviour of an earth elec-
trode is provided and an overview of previous work in the area is given.
4Chapter 2
Background
A brief outline of previous research into the transient behaviour of an earth
electrode is provided. The assumptions and limitations of existing models
are discussed. Fundamental principles are introduced by considering the
transient behaviour of a hemispherical electrode. Improved soil ionisation
models are summarised. The important concept of the dynamic impedance
of an earth electrode is explained. The scope of this thesis is dened.
2.1 Previous Research
Early research performed by Towne (1929) and Sunde (1940) revealed a marked
dierence between the transient and the steady state behaviour of an earth electrode.
Further comprehensive experimental studies undertaken by Bellaschi et al. (1942)
conrmed this observation for a range of soil types and electrode congurations.
Since then, several researchers have developed models that account for this dierence
in behaviour (Chisholm & Janischewskyj, 1989; Geri, 1999; Korsuncev, 1958; Liew
& Darveniza, 1974; Oettle, 1988).
Recently it has become important to re-visit and further quantify this behaviour due
to the growing need for safe and reliable power delivery, coupled with the increas-
ing sensitivity of modern electronic equipment to damaging transients caused by
lightning. This is particularly true in South Africa where there is not only a large
electrication drive, but there is the challenge that the majority of the country's
business and industry is located in areas with poor soil conditions (500 to 2000 
m)
and relatively high average lightning ground ash densities (5 to 9 ashes per square
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kilometre per year) (Nixon, 1999; SANS 10313, 1999). The direct economic inu-
ence that the transient behaviour of an earth electrode has in this context cannot
be emphasised enough, since the benecial eect of breakdown occurring in the
surrounding soil is evident even for currents as low as 1 kA (Phillips et al., 2004).
Specic attention in previous research is usually given to transmission tower ground-
ing (CIGRE WG 33:01, 1991; Oettle, 1988; Phillips et al., 2004) since this has a
signicant eect on the lightning performance and eective operation of an electric
power transmission system. On the other hand, the dynamic model originally pro-
posed by Liew & Darveniza (1974), and subsequently modied by Nixon (1999) for
use within a time-domain transient simulation, may be used for more comprehensive
and general lightning performance studies. Common to all existing models, however,
is the fact that several key assumptions need to be introduced to simplify modelling.
Furthermore, the exact physical processes occurring in the soil are still not yet fully
understood as explained in the following section.
2.2 Assumptions and Limitations of Existing Models
As illustrated in Figure 2.1, soil is typically composed of several dierent substances
including, for example, water, pockets of air, gravel, sand, clay, dissolved gases,
mineral salts and organic material (Oettle, 1987). All these substances aect the
electrical characteristics of the soil. Although the breakdown characteristics of the
constituent solid, liquid and gaseous dielectrics are individually well understood
(Kuel et al., 2000), a comprehensive physical model to explain their combined
behaviour has not yet been developed.
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Figure 2.1: Typical composition of soil.
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It is generally accepted that the electric eld generated by high current densities
results in discharge channels within the water and gas interfaces within the soil
surrounding the electrode (Oettle, 1987). Since the resistivity of the plasma in the
discharge channels is lower than that of the surrounding soil there is an apparent
decrease in the resistance to earth of the electrode. This eect is usually referred to
as soil ionisation.
Three simplications are commonly introduced when modelling the complicated
scenario explained above (Mousa, 1994; Oettle, 1988):
1. The soil is assumed to be uniform and homogeneous.
2. Breakdown in the surrounding soil is assumed to occur within a uniform zone.
3. Dierent types of soil are assumed to have the same dielectric strength regard-
less of moisture content or constituent components.
A fourth simplication often introduced is to completely ignore the eect of soil ioni-
sation on the basis that the resulting model represents a conservative, or worst-case,
scenario. In particular, rigorous electromagnetic transient simulations of earthing
systems, based on frequency-domain analysis, do not account for soil ionisation
since it is very dicult to include this non-linear eect (Dawalibi et al., 1995). Eco-
nomically it is dicult to ignore the benecial eect resulting from soil ionisation,
especially since this eect is most marked for poor soil conditions such as those
found in several regions of South Africa. Failure to account for the eect therefore
results in expensive and inecient earthing system designs.
Although the assumptions discussed above may seem unrealistic they nevertheless
result in practical models that can be successfully used within engineering studies.
More importantly, the fundamental parameters, for example moisture content, that
inuence the performance of an earth electrode (IEEE Std 80, 2000) vary so consid-
erably that it is dicult to obtain accurate predictions and it is frequently better to
consider the upper and lower limits of performance.
To introduce the fundamental principles and parameters involved in the non-linear
transient behaviour of an earth electrode the next section considers the behaviour
of a hemispherical electrode (CIGRE WG 33:01, 1991).
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2.3 Soil Ionisation for a Hemispherical Earth Electrode
Consider a basic hemispherical electrode buried in homogeneous soil with a partic-
ular resistivity as shown in Figure 2.2. The steady state resistance of this electrode
is given by (CIGRE WG 33:01, 1991):
R0 =
soil
2r0
(2.1)
where
R0 = steady state resistance of a hemispherical electrode [
]
soil = soil resistivity [
m]
r0 = radius of hemispherical electrode [m]
soil
I
r0
Figure 2.2: A perfect conducting hemispherical earth electrode of radius r0
buried in homogeneous soil with resistivity soil and injected with current I.
When a given impulse current is injected into the electrode, the current density
at a particular radius in the surrounding soil is given by (assuming a 1 m radius
hemisphere):
J =
I
2r2
(2.2)
where
J = current density [A=m2]
I = magnitude of injected current [A]
r = radius of interest [m]
Soil ionisation is said to occur where the current density or the resulting electric
eld in the soil exceeds a particular threshold value given by:
Jc =
E0
soil
(2.3)
where
Jc = critical current density [A=m
2]
E0 = critical electric eld (breakdown gradient) [V=m]
soil = soil resistivity [
m]
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Using Equation (2.3) the following equation can be used to show that the radius of
the soil ionisation zone shown in Figure 2.3 is given by:
ri =
r
soilI
2E0
(2.4)
where
ri = radius of soil ionisation zone [m]
soil = soil resistivity [
m]
I = magnitude of injected current [A]
E0 = critical electric eld (breakdown gradient) [V=m]
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Figure 2.3: A perfect conducting hemispherical earth electrode of radius r0
buried in homogeneous soil of resistivity soil and injected with current I. The
resistivity of the ionisation zone is i and its radius ri is governed by E0 (Jc).
The previous derivation implicitly assumes ionisation occurs within a uniform zone
around the earth electrode. Bellaschi et al. (1942) and Petropoulos (1948) proposed
that the resistivity of this zone, i, instantaneously assumes the same value as that
of the earth electrode. In other words, soil ionisation is modelled by an increase in
the eective radius of the electrode. Given its simplicity, this model is frequently
used to describe the behaviour of a driven rod in larger studies despite its lack of
accuracy.
2.4 Improved Models of Soil Ionisation
Liew & Darveniza (1974) improved on the basic model described in the previous
section by developing a model that introduced a dynamic resistivity prole as shown
in Figure 2.4. In essence the model assumes that the resistivity of the soil at dierent
radii from the earth electrode changes as a function of current and time. This
model accounts for the intuitive physical time constants that are involved in the
process. This model was modied and implemented in the Alternative Transients
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Program version of the Electromagnetic Transients Program (ATP-EMTP)(Meyer
& Liu, 1982) by Nixon (1999) enabling its use within larger comprehensive lightning
protection studies. Further research performed by Yasuda et al. (2003) showed good
agreement between this model and experiment results for currents up to 120 kA
injected into the tower footing of a 500 kV transmission line.
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Figure 2.4: Illustrative prole of dynamic resistivity as proposed by Liew &
Darveniza (1974). The arrows indicate progression through time.
More recently an extension to the model developed by Liew & Darveniza (1974)
was introduced which can account for discrete surface ashovers observed under
particular conditions (Wang et al., 2005) { however, several additional empirical
parameters are introduced, detracting from the engineering usefulness of the model.
In 2006, a very dierent approach was taken by Sekioka et al. (2006) who observed
that the non-linear behaviour of the earth electrode resembles that of a high voltage
arc. They proposed an alternative model, based on the widely accepted Cassie-Mayr
arc model (CIGRE WG 13:01, 1993), that considers the energy balance of the soil
ionisation.
When referring to the behaviour or the performance of an earth electrode, it is
most convenient to consider the voltage-current relationship which is discussed in
the following section.
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2.5 Dynamic Impedance of an Earth Electrode
For steady state conditions an earth electrode is described in terms of its resistance to
earth. However, under transient conditions, it is important to consider its dynamic
impedance as discussed by Nixon & Jandrell (2004b). The dynamic impedance of
an earth electrode is the ratio of the instantaneous value of earth electrode voltage
to the instantaneous value of injected current:
Z(t) =
V (t)
I(t)
(2.5)
where
t = time [s]
Z(t) = dynamic impedance of earth electrode at time t [
]
V (t) = potential of earth electrode relative to true earth potential
at time t [V]
I(t) = current owing into earth electrode at time t [A]
The challenge introduced in Chapter 1 is to describe this dynamic impedance for
an electrode that is installed in non-homogeneous soil that consists of multiple layers
with dierent resistivities. This suggests an appropriate scope for the thesis.
2.6 Scope of the Thesis
The scope of the thesis is limited to developing a practical, yet accurate, simplica-
tion to modelling the transient behaviour of a driven rod earth electrode in multi-
layer soil. A driven rod is considered since it is the most basic and most commonly
encountered earth electrode system component. The thesis does not address the
underlying complex physical processes, nor does it consider large, extended earthing
systems as described in IEEE Std 81.2 (1991). The simplied approach described
may be applied to models other than that discussed in the thesis, although the limi-
tations inherent in the underlying model would still apply. Note that the thesis is not
conned only to the lightning performance of transmission tower earth electrodes,
but considers the transient response for general lightning protection studies.
The following chapter denes the problem addressed by the thesis and outlines the
approach taken to solve the problem. A suitable earth electrode conguration and
the choice of impulse current waveshapes is discussed.
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Chapter 3
Approach Taken
The problem addressed by the thesis is dened and the overall approach
taken to solve the problem is described. The earth electrode and soil con-
guration selected for investigation is explained as is the choice of impulse
current waveshapes. The contribution made by the thesis is provided.
3.1 Problem Statement
In order to better quantify the behaviour of an earth electrode subjected to a light-
ning current impulse, it is necessary to understand the commonly encountered sce-
nario of ground with various layers resulting from geological stratication or com-
pacted back-ll. Once this knowledge has been obtained it may then be applied in
the design of cost-eective and ecient earthing and lightning protection systems.
The objective of this thesis is to obtain a better understanding of the lightning
transient behaviour of an earth electrode in multi-layer soil, and develop a simplied
approach to quantifying this behaviour. Specically, the most common component
used in an earthing system, a copper-clad driven rod, is investigated.
3.2 Overall Approach Taken
There were two important components to the approach taken to gain a better un-
derstanding of the transient behaviour of a driven rod:
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 A dynamic model was developed that could simulate the transient behaviour
of the driven rod earth electrode using an electromagnetic transient analy-
sis programme. In this model, the full non-linear eects of ionisation in the
surrounding soil were accounted for, and the steady state and the dynamic
impedance of the earth electrode could be predicted as a function of applied
current magnitude. A method of catering for multiple layers of soil was intro-
duced.
 Measurements were obtained using a large-scale experiment where high current
impulses were injected into a single driven rod earth electrode installed in
multi-layer soil. The experimental work was used to conrm the results of the
model developed.
These two components are discussed in the following sections.
3.2.1 Circuit Model Simulation
A model that predicts the dynamic impedance of a driven rod for a specic impulse
current was developed and implemented for the ATP-EMTP, an electromagnetic
transient analysis programme. Full details of the model algorithm and its imple-
mentation are provided in Chapter 4. Additionally, the circuit and the MODELS
(Dube, 1996) source code for the implementation can be found in Appendix A.
Parameters used in the model include the geometry of the driven rod, radius rrod and
length lrod, the resistivity of the soil, soil, the ionisation time constants, fii and fid,
and the breakdown strength of the soil, E0. It was proposed that an apparent resis-
tivity value, calculated from the steady state resistance equation and the measured
steady state current resistance of the earth electrode, be used for the parameter
soil. The model was capable of taking an arbitrary digitised current waveform as
an input, enabling its use with real experiment data.
Since this model was a modied version of the dynamic model originally proposed
by Liew & Darveniza (1974), it was necessary to establish condence in the model.
This was achieved by comparing the model against an implementation of Liew-
Darveniza's model by Anderson (Phillips et al., 2004), and was found to be adequate
as discussed in Appendix B.
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3.2.2 Large-Scale Experiment
Measurements were obtained from a set of large-scale experiments. Due to the
challenging nature of the experiment arrangement and the supporting measurement
system, thorough calibration and integrity checks were performed before and dur-
ing testing. For each experiment, all tests were repeated four times to minimise
the possibility of erroneous results. All measurements were recorded on a digital
storage oscilloscope. These measurements were later processed to remove unwanted
noise and to synchronise the voltage and current measurements, since dierent de-
lays were introduced by the respective measurement devices. Further details about
the experiment are provided in Chapter 5 and specic experiment measurement
considerations are included in Appendix C.
The large-scale experiment determined the earth electrode geometry, the soil con-
guration and the impulse current waveshapes that could be studied as summarised
in the following sections.
3.2.3 Earth Electrode and Soil Conguration
To verify the model, a driven rod earth electrode conguration was investigated as
shown in Figure 3.1. Primary characteristics and parameters are summarised on the
diagram. The soil consisted of three distinct layers:
 An upper layer of sandy loam.
 A middle portion of clay.
 A lower layer that was below the water table.
The electrode was installed at the test site more than a month before testing com-
menced and its resistance was monitored during this period to ensure that it re-
mained stable. Precipitation and the depth of the water table were monitored
throughout testing. During testing, the steady state electrode resistance was mea-
sured using standard test methods (SANS 10199, 2004) to be 48 
. This value was
conrmed before and after the application of every test impulse current.
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Figure 3.1: Earth electrode and multi-layer soil conguration considered.
3.2.4 Impulse Current Waveshapes
Four dierent current impulse waveshapes were selected for testing. Since only an
outdoor voltage-impulse generator was available at the test site, it was necessary to
re-congure the generator to achieve high current impulse outputs. Although the
choice of impulse currents was constrained by the capabilities of the available impulse
generator, it was still possible to represent a short (1) and a long (2) waveshape,
both with low (A) and high (B) peak magnitudes as summarised in Table 3.1.
Table 3.1: Impulse current waveshapes (dened as per IEC 60060{1 (1989)).
Shape Reference Peak [kA] Waveshape [s]
1
I1A 5.2 3.5 / 9.3
I1B 28.6 3.9 / 9.7
2
I2A 6.7 5.5 / 14.1
I2B 28.2 5.7 / 13.8
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As can be seen in Table 3.1, the current waveshapes changed slightly for dier-
ent current peak magnitudes. This was caused by the dynamic impedance of the
electrode presenting a variable impedance to the impulse generator.
Recorded measurements of the actual test currents used are shown in Figure 3.2.
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Figure 3.2: Impulse currents used in large-scale experiment and simulations.
Using the measured current impulse waveshapes described the dynamic impedance
behaviour of the earth electrode predicted by the circuit simulation model was
checked for accuracy against the experiment results.
3.3 Contribution of Thesis
This thesis provides the following unique and valuable contributions to eld of earth-
ing and lightning protection:
 An algorithmic representation of a new simplied model used to predict the
lightning transient dynamic impedance of a driven rod has been developed.
This format enables easy implementation of the model into any chosen simu-
lation environment.
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 An implementation of the new model which is suitable for use with ATP-
EMTP has been developed. This allows the model to be used in larger, more
comprehensive system studies.
 The dynamic impedance predicted by the model has been veried by experi-
mentation.
 It has been shown that for a driven rod earth electrode installed in ground
with various layers, rather than having to consider the individual resistivities
of all soil layers, acceptable results can be obtained by using only the apparent
bulk resistivity value calculated from the steady state resistance equation and
the measured steady state current resistance.
In the following chapter the computer model and its derivation for simulating the
behaviour of the driven rod earth electrode is introduced. The derivation, the algo-
rithmic representation and subsequent implementation of the model are presented
and the choice of parameter values is discussed. In particular, the use of a simplied
value of soil resistivity is proposed.
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Chapter 4
Circuit Model Simulation
The equivalent circuit model selected to simulate the non-linear behaviour of
a driven rod earth electrode in the time-domain is introduced. The deriva-
tion, the algorithmic representation and subsequent implementation of the
model are presented. The choice of parameter values used in the simulation
is discussed, and in particular the use of a simplied value of soil resistivity
is proposed.
4.1 Choice of Model
The dynamic model originally proposed by Liew & Darveniza (1974) and subse-
quently modied and implemented in an electromagnetic transient analysis pro-
gramme by Nixon (1999) was used to simulate the transient behaviour of the driven
rod earth electrode. In this model, the full non-linear eects of ionisation in the sur-
rounding soil are accounted for by introducing two time constants, fii and fid, which
describe the changing resistivity in the surrounding soil under impulse conditions.
Other models and estimation calculations, such as those proposed by Oettle (1988),
Chisholm & Janischewskyj (1989) and CIGRE WG 33:01 (1991) are valuable tools
that can be used in transmission line lightning performance calculations, but they
are not intended to describe the full time-varying hysteresis observed in practical
experiments (Bellaschi et al., 1942; Geri & Veca, 1994; Kosztaluk et al., 1981; Liew &
Darveniza, 1974). The full time-domain response of the earth electrode is necessary
for this study.
The derivation and implementation of the dynamic model is detailed in the following
sections. In essence, the model describes the prole of the dynamically changing
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resistivity in the soil surrounding the driven rod earth electrode. This prole consists
of the following three intuitive components or zones (Liew & Darveniza, 1974):
1. The zone where there is no ionisation in the soil and the resistivity remains
constant.
2. The region in which the critical current density has been exceeded, the resis-
tivity decreases over time to a minimum value with increasing current density.
3. When the critical current density is no longer exceeded in an ionisation zone,
the resistivity recovers as the soil de-ionises.
These components can be seen in the resistivity prole curve shown in Figure 2.4 in
Chapter 2. In the following section the derivation of the model is discussed.
4.2 Derivation of the Model
Consider a single driven rod of length lrod and radius rrod buried in homogeneous
soil with resistivity soil as shown in Figure 4.1. Several assumptions must be made
in order to derive the model, as explained in the next section.
4.2.1 Initial Assumptions Made
The following initial assumptions are made with respect to the earth electrode shown
in Figure 4.1:
 The soil surrounding the driven rod is homogeneous and isotropic with resis-
tivity, soil.
 An injected impulse current, I, results in equipotential surfaces that can be
approximated by a cylindrical and hemispherical portion, as shown in Fig-
ure 4.1.
 The current density, J , in the soil at a radial distance, a, from the centre of
the driven rod can be approximated by:
J =
I
2(alrod + a2
) (4.1)
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Figure 4.1: Simplied model for the impedance of a single driven rod showing
the ionisation and de-ionisation zones envisaged by Liew & Darveniza (1974).
 Breakdown by ionisation occurs in the soil where the current density exceeds
a critical value of current density, Jc, given by:
Jc =
E0
soil
(4.2)
 The regions of ionisation and de-ionisation are assumed to be uniform as shown
in Figure 4.1 and the resistivity in these regions is time-varying.
4.2.2 Determining the Eective Resistance of a Driven Rod
Using the assumptions listed in the previous section, Liew & Darveniza (1974) de-
termine the eective resistance of a single driven rod, Rrod, by summing elemental
shells of resistance, dR, given by:
dR =
a
2lrod

1
r
 
1
a + lrod

da (4.3)
where
a = resistivity of elemental shell [
m]
da = thickness of elemental shell [m]
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These elemental shells fall into three distinct regions as shown in Figure 4.1:
Region 1 where ionisation is occurring, J  Jc and rrod < a  ri.
The resistivity of the soil in this region, i, is given by:
i = soil exp
 ti
fii
(4.4)
where
ti = time since the onset of ionisation [s]
fii = ionisation time constant [s]
Region 2 where residual activity exists (de-ionisation), J < Jc and ri < a  rd.
The resistivity of the soil in this region, d, is given by:
d = m + (soil   m)

1  exp
 td
fid

1 
J
Jc

(4.5)
where
m = value of resistivity at onset of de-ionisation given by Equa-
tion (4.4) [
m]
fid = de-ionisation time constant [s]
td = time measured from the onset of de-ionisation [s]
Region 3 where the resistivity is constant, J < Jc and a > rd.
Resistivity in this region is that of the surrounding soil, soil.
The eective resistance, Rr, can be calculated by summing the resistances of the
three regions, and is therefore (Nixon, 1999):
Rr =
i
2lrod
ln
ri(rrod + lrod)
rrod(ri + lrod)
+
d
2lrod
ln
rd(ri + lrod)
ri(rd + lrod)
+
soil
2lrod
ln
rd + lrod
rd
(4.6)
Note that for the specic case when no ionisation exists, the steady state resistance,
as provided in Equation (4.10) in Chapter 3, is given by:
Rrod =
soil
2lrod
ln
rrod + lrod
rrod
(4.7)
4.3 Algorithm and Implementation
Using the equations and theory discussed in the preceding section, an algorithm for
the model that predicts the dynamic resistance of a driven rod for a specic impulse
current can be derived. This algorithm is shown in Figure 4.2 and is discussed in
the following section.
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Input: t and jI(t)j ffrom external circuit simulatorg
Output: Rrod freturn to external simulatorg
1: Jc (
E0
soil
fEquation (4.2)g
2: if t = 0 or I(t) = 0 then fhelp out external transient simulatorgf A g
3: Rrod (
soil
2lrod
ln
rrod + lrod
rrod
fuse Equation (4.7) as \initial condition"g
4: else
5: ri (
1
2
 
 lrod +
r
l2
rod
+
2I(t)
Jc
!
fEquation (4.1)g
6: if ri  rrod then fno ionisation occurringgf B g
7: ri ( rrod f) set to rod radiusg
8: i ( 0 fno ionisation zoneg
9: else fionisation has just started or is still occurringg
10: if ti is undened then
11: ti ( t frecord starting time of ionisationg
12: end if
13: i ( soil exp
 ti
fii
fEquation (4.4)g
14: end if fend B g
15: if ri > rd or rd is undened then frecord maximum extent of ionisationg
16: rd ( ri
17: end if
18: if ri < rd then fcurrent decreasing ) check for de-ionisation zonegf C g
19: Jd (
I(t)
2(rdlrod + r2d)
fJ at de-ionisation boundary - Equation (4.1)g
20: if Jd  0:999Jc then fag that Jc has been reached - caters for the case whereg
21: FJc ( 1 fI(t) is decreasing on the wavefront before Jc has been reachedg
22: end if
23: if m is undened and ti > 0 and FJc = 1 and Jd < 0:8Jc then
24: m ( i frefer to Equation (4.5)g
25: td ( t frecord starting time of de-ionisation from below 80% of Jcg
26: end if
27: if td > 0 then fde-ionisation has commencedg
28: d ( m + (soil   m)

1  exp
 td
fid

1 
J
Jc

fEquation (4.5)g
29: else
30: d ( 0 fno de-ionisation zoneg
31: end if
32: end if fend C g
33: Ri (
i
2lrod
ln

ri(rrod + lrod)
rrod(ri + lrod)

fR of shells in ionisation zoneg
34: Rd (
d
2lrod
ln

rd(ri + lrod)
ri(rd + lrod)

flumped R of shells in de-ionisation zoneg
35: Rn (
soil
2lrod
ln

rd + lrod
rd

fR of shells with no ionisationg
36: Rrod ( Ri +Rd +Rn fEquation (4.6) derived using Equation (4.3)g
37: end if fend A g
Figure 4.2: Algorithm of model used to determine the eective dynamic resis-
tance of driven rod electrode including the eect of soil ionisation. Comments
are included in braces fg. Start and end of major conditions marked X .
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4.3.1 Algorithm Describing the Model
References to equations used from the preceding derivation are included in the al-
gorithm comments shown in Figure 4.2. The algorithm takes as inputs the value
of time and current magnitude from the external circuit simulation and returns the
eective resistance of the driven rod. It consists of the following components:
 Line 2{3 : Start of simulation, return steady state resistance as initial condition
to the external circuit simulation.
 Line 5 : Calculate ionisation zone radius which may or may not exist.
 Line 6{8: No ionisation is occurring.
 Line 9{17 : Ionisation has commenced or is continuing. Record starting time
of ionisation and keep track of maximum extent of the ionisation zone.
{ Line 13 : Calculate resistivity of ionisation zone (if it exists).
 Line 18{32 : Current density has decreased, therefore there is a possibility
that de-ionisation has commenced.
{ Line 20{21 : Ensure that de-ionisation only commences once Jc has been
exceeded avoiding false triggers with temporary decreases in current on
the wavefront. Due to numerical rounding errors 0:999 is considered close
enough to Jc.
{ Line 23{25 : Records starting time of de-ionisation from the point where
the current density at the de-ionisation zone radius is 80% of the critical
current density (see following discussion). The value of resistivity at the
onset of de-ionisation is also recorded.
{ Line 28 : Calculate resistivity of de-ionisation zone (if it exists).
 Line 33 { 36 : Sum the resistances of the three shells to obtain the eective
resistance of the driven rod.
In the original model proposed by Liew & Darveniza (1974), since all the elemental
shells that form part of the ionisation and de-ionisation region have a dierent
current density for a particular value of current or time, individual calculations would
have to be performed for each shell and then summed to obtain the overall resistance.
To simplify the algorithm and subsequent coding, the implementation proposed by
Nixon (1999) calculates the resistivity of the ionisation and de-ionisation regions as
a complete unit using the current density at the outer border of these regions.
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To verify this simplication the model was compared against an implementation of
Liew-Darveniza's model by Anderson (Phillips et al., 2004) and was found to be ad-
equate as discussed in Appendix B. However, the onset time for the de-ionisation
zone was found to be incorrect, and it was necessary to modify the implementation
such that the start of de-ionisation was recorded once the current density had re-
ceded to 80% of the critical current density. This was not a major concern since
the critical component of the transient behaviour for lightning protection studies
typically occurs before de-ionisation commences (Phillips et al., 2004).
4.3.2 Implementation Considerations
Using the algorithm presented in the preceding section, the model that predicts the
dynamic resistance of a driven rod for a specic impulse current was implemented for
ATP-EMTP, an electromagnetic transient analysis programme. The advantage of
using ATP-EMTP is that it makes it possible to use the model in larger, more com-
prehensive system studies (Gunther, 1993). Details of the circuit and the MODELS
(Dube, 1996) source code for the implementation can be found in Appendix A.
Important parameters used in the model include the geometry of the driven rod,
rrod and lrod, the resistivity of the soil, soil, the ionisation time constants, fii and
fid, and the breakdown strength of the soil, E0. In the following section the use of a
simplied value of the parameter soil is proposed.
4.4 Simplied Soil Resistivity
Consider Figure 4.3 which shows a hemispherical earth electrode buried in soil with
multiple layers, and Equations (4.8) and (4.9) from Chapter 2.
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Figure 4.3: Hemispherical earth electrode in multi-layer soil.
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J =
I
2r2
(4.8)
R0 =

2r0
(4.9)
Since the current density in the soil surrounding the electrode is related to the
inverse-square of the distance (Equation (4.8)) it can be concluded that when ioni-
sation occurs the resistance of the electrode (Equation (4.9)) will be dominated by
the resistivity of the ionisation zone. In other words, the eect of layers in the soil
will be minimal. Therefore, provided that the model used adequately describes the
steady state resistance value of the electrode, complex models of the multiple layers
of soil resistivity are not necessary under transient conditions (Nixon et al., 2006).
It is proposed that a single apparent bulk value of resistivity be calculated using
the measured low current resistance and the resistance equation { for a hemisphere,
Equation (2.1), for a driven rod the equation derived by Liew & Darveniza (1974):
Rrod =

2lrod
ln
rrod + lrod
rrod
(4.10)
where
Rrod = steady state resistance of a driven rod [
]
lrod = length of driven rod earth electrode [m]
rrod = radius of driven rod earth electrode [m]
For dierent earth electrode congurations, Equation (4.10) can be replaced by the
appropriate equation provided in SANS 10199 (2004).
In practical terms this means that all that is needed for accurate modelling is knowl-
edge of the earth electrode geometry and the measured value of resistance of the
earth electrode, obtained using standard techniques (IEEE Std 80, 2000; SANS
10199, 2004). Using these two pieces of information, the apparent resistivity can
readily be calculated. This simplication has been used for pragmatic reasons by
Sekioka et al. (2006), but no rigorous justication was provided.
In the next section the selection of appropriate values for the other model parameters
is discussed.
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4.5 Selection of Model Parameters
The selection of the parameters fii, fid, E0 and soil for use with the model are
considered in this section.
4.5.1 Choice of Ionisation and De-Ionisation Constants
In the absence of more accurate information, the values for the ionisation and de-
ionisation time constants, fii and fid, were taken to be 2 s and 4:5 s based on the
work performed by Liew & Darveniza (1974).
4.5.2 Choice of Breakdown Strength of Soil
The value of E0, or the eective breakdown strength of soil, has been the subject of
much research (Nixon, 1999). Usually, the value of E0 was chosen to t theoretically
predicted results to experiment results (Bellaschi et al., 1942; Liew & Darveniza,
1974; Petropoulos, 1948). Oettle (1988) recommends approximating E0 as 10 kV=cm
due to the inherent complexity of the discharge processes in the soil and suggests
that experimental breakdown test results not be used, even if available. Mousa
(1994) recommends the value of E0 should be taken to be 3 kV=cm.
4.5.3 Choice of Soil Resistivity
As discussed in Section 4.4, a single apparent bulk value of resistivity was calcu-
lated using the measured low current resistance and the resistance equation. Using
standard test methods (SANS 10199, 2004) the steady state electrode resistance was
measured to be 48:2 
. Using Equation (4.7) and the dimensions of the driven rod
earth electrode that was tested, the apparent bulk value of resistivity was calculated
to be 139 
m.
4.6 Summary of the Circuit Model
A summary of the key parameter values used in the circuit model is provided in
Table 4.1.
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Table 4.1: Parameter values used in circuit model.
Soil parameters:
 resistivity [
m] 139
E0 breakdown gradient [kV=m] 300
fii ionisation time constant, [s] 2.0
fid de-ionisation time constant [s] 4.5
Electrode parameters:
rrod radius of rod [mm] 7.95
lrod length of rod [mm] 2667
Note that the soil ionisation gradient of 300 kV=m suggested by Liew & Darveniza
(1974) and Mousa (1994) was used, contrary to the value of 400 kV=m suggested
by CIGRE WG 33:01 (1991). In the absence of known values, the ionisation and
de-ionisation time constants suggested by Liew and Darveniza were used. For the
scenario considered,  was calculated using Equation (4.7) and the measured value
of R of 48.2 
.
The equivalent circuit model used is shown in Figure 4.4. The current impulse ap-
plied to the circuit was the ltered version of the actual measured current obtained
during the experiments. Z(t) in the circuit represents the dynamic resistance pro-
duced by the ATP-EMTP model. Using the computer simulation, the predicted
voltage V (t) and dynamic impedance Z(t) values were determined.
Z(t) V (t)I(t)
Figure 4.4: Equivalent circuit model implemented in ATP-EMTP.
In the following chapter, the experiment setup used to apply the high current im-
pulses to the earth electrode conguration described in Chapter 3 is discussed. De-
tails are provided about the overall test site, the impulse generator used, the current
and voltage measurement setup and the necessary measurement post-processing.
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Chapter 5
Large-Scale Experiment
The selection of a suitable large-scale experiment test site is discussed. De-
tails are provided about the setup used to inject high current impulses into
a single driven rod earth electrode in multi-layer soil. Each of the impor-
tant components involved in the experiment are described, including the
impulse generator used, the current and voltage measurement setup and
the necessary measurement post-processing employed.
5.1 Selection of Test Site
Very few experiment facilities exist in the world that are capable of injecting large
impulse currents representative of actual lightning currents into real earth electrodes.
Bellaschi et al. (1942), Liew & Darveniza (1974), Oettle (1987), Geri et al. (1992),
Phillips & Anderson (2002) and Yasuda et al. (2003) are amongst the few that have
undertaken full-scale testing. An alternative is to use rocket-triggered lightning as
explained by Rakov & Uman (2003), although the peak current magnitudes obtained
with this method are often not as high as those of natural lightning and this method
is not as repeatable or as controlled as a test facility.
The equipment and the soil conguration at the Electric Power Research Institute
(EPRI) Energy Delivery and Utilisation Centre in Lenox, Massachusetts, USA was
found to be ideal for obtaining the experiment data required by this thesis. This site
was also used to conduct several other signicant experiments on earth electrodes as
described elsewhere (Nixon et al., 2005; Phillips & Anderson, 2002). A photograph
of the test site in which major components are identied is shown in Figure 5.1 -
the key features relevant to this thesis are described in the following sections.
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Figure 5.1: Photograph of test site.
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Figure 5.2: Plan view of the test site showing key components of the experi-
ment.
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5.2 Overall Test Site
A scale plan view of the overall test site is shown in Figure 5.2. An impulse generator
was used to inject a current impulse, I(t), into the driven rod. The injected current
was measured using a wide bandwidth current transformer and the voltage at the
electrode, V (t), was simultaneously measured using an outdoor high voltage impulse
divider. Both measurement devices were connected to a digital storage oscilloscope
in the measurement and control shed via a bre optic link system. As explained in
more detail in Section 5.5.2, attention was paid to minimising the overall induc-
tance of the test conguration as well as to limiting unwanted noise from coupling
into the overall measurement system. Special precautions were taken to minimise
the voltage induced in the one turn loop formed by the voltage divider, ground and
connections to the voltage divider (see also Appendix C.3).
5.3 Impulse Generator
The impulse generator used for testing is a 5:6 MV outdoor multi-stage Marx gener-
ator with a maximum stored energy of 280 kJ when fully charged. It consists of 28
stages, each with a capacitance of 0:5 F and capable of being charged to 100 kV
(yielding 200 kV when red). To achieve the current magnitudes and waveshapes
required for the experiment (Section 3.2.4), it was necessary to recongure the
generator by creating series and parallel combinations of the individual stages. The
equivalent circuit for the impulse generator is shown in Figure 5.3 and the parame-
ters in the gure are detailed in Table 5.1.
Lg Rg I(t)
Z(t) V (t)CGVG
Generator Driven Rod
Figure 5.3: Equivalent circuit of the impulse generator and test setup.
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Table 5.1: Summary of impulse generator parameters - refer to Figure 5.3 .
Current waveshape 1 and 2 as dened in Section 3.2.4.
Parameter Details Value
VG Total DC charge voltage on generator (all
stages) { variable depending on magnitude
of output current required
0  1500 kV
LG Parasitic inductance of generator approx. 91 H
RG Parasitic resistance of generator approx. 0:5 

CG Lumped capacitance of generator stages:
For waveshape 1 { 7 4 stages parallel 0:298 F
For waveshape 2 { 9 3 stages parallel 0:167 F
5.4 Test Electrode Conguration
The driven rod was installed within a large elliptical foil ring which consisted of
26 driven rods placed at 3:1 m intervals joined together by a 360 mm wide verti-
cally placed aluminium foil, the top of which was ush with the ground surface
(Figure 5.2). The outer ring was bonded to the earth of the impulse generator by
two aluminium sheet return conductors that provided a low-impedance return path
to the generator. This conguration was chosen since it established a well-dened
earth reference and a test cell for the driven rod under investigation. The use of at
aluminium sheets and more than one return path helped reduce the overall circuit
inductance and resistance, which minimised unnecessary loading of the impulse gen-
erator. At all points the outer foil ring was at least 10 m away from the driven rod.
The steady state resistance of the rod, measured using the outer foil as a reference,
was within 5% of a measurement made using a remote earth reference and it was
concluded that 10 m was a sucient distance for the test conguration.
5.5 Measurement Setup
Due to the large currents and voltages involved it was important to ensure that
measurement devices and personnel were galvanically isolated from the test setup.
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This was achieved using bre optic links. The current I(t) and the voltage V (t) were
recorded on a digital storage oscilloscope (bandwidth of 250 MHz) via the bre optic
links (bandwidth of 10 MHz). The step wave response of the bre optic links and
oscilloscope was measured prior to testing and conrmed to be within acceptable
limits.
5.5.1 Current Measurement
The wide bandwidth current transformer used in the tests was a 301X Pearson Coil
with a bandwidth of 2 MHz and a peak impulse current rating of 50 kA. The trans-
mitter of the bre optic link and the current transformer were coupled together with
a steel enclosure in order to reduce unwanted noise coupling into the measurement.
The coupled noise was shown to be less than 3% of the measured signal.
5.5.2 Voltage Measurement
The voltage divider used in the tests was a Hipotronics 3 MV mixed capacitive/resis-
tive lightning impulse divider with a division ratio of 3000:1. The divider introduced
a delay of 240 ns relative to the current impulse measurement. This delay was due
to the propagation time in the 25 m measurement cable and the phase shift caused
by the impedance of the divider.
In order to minimise the inductance of the test setup as well as to minimise the ux
linkage between the generator{electrode circuit loop and the electrode{measurement
circuit loop, the area of both loops was minimised and the loop areas were oriented to
one another as close to 90 as possible as shown in Figure 5.2. From a practical point
of view, this meant that the connecting conductors were run as close to the ground
as possible without causing ashovers during testing. It was however necessary to
use a 230 kV Cross-linked polyethylene (XLPE) cable between the earth electrode
and the voltage divider due to the small clearance distances. The coupled signal on
the voltage measurement was estimated to be less than 5% of the measured voltage.
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5.6 Measurement Post-Processing
The dynamic impedance, Z(t), of an earth electrode is given by (Chapter 2):
Z(t) =
V (t)
I(t)
(5.1)
In order to calculate Z(t) using the voltage and current measurements and Equa-
tion (5.1), V (t) and I(t) need to be relatively noise-free. It was therefore necessary to
lter the measurements. A low-pass fth-order Chebyshev type-II lter (Stearns &
David, 1988) with 40 dB attenuation in the stop band and cuto frequency 10 MHz
was applied to the signals. Additionally, Fourier analysis of the measured signals
revealed an unusual peak at around 940 kHz (attributed to inductive ringing in
the test setup). This was ltered out using a band-stop second-order Chebyshev
type-II lter (Stearns & David, 1988). This matter is discussed in more detail in
Appendix C where the source of the noise is explained, and both the raw and the
ltered measurements are presented.
Post-processing was also necessary to synchronise the V (t) and I(t) measurements,
since the voltage divider introduced a 240 ns delay relative to the current measure-
ment. This delay was due to the long length of cable integral to the functioning of
the divider.
At the beginning of the current impulse, where the current and voltages are low,
there is typically too much noise to reasonably calculate the dynamic impedance.
Hence, graphs involving calculated curves only start after 1 s. Additionally, mea-
surements after the zero-crossing of the current impulse are meaningless in the con-
text of the thesis, therefore only measurements up to 10 s were considered for
current waveshape 1 and up to 15 s for current waveshape 2.
In the following chapter the simulation and experiment results are compared and
discussed. It is shown that there is strong agreement between the simulated and
experiment values supporting the simplication introduced by the thesis.
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Chapter 6
Comparison of Results and Discussion
The results are compared and discussed in this chapter. There is strong
agreement between the simulated and experiment values supporting the
simplied approach introduced by the thesis. Some thoughts on modelling
and the validity simplied value of soil resistivity used are presented.
6.1 Comparison of Results
The results from circuit model simulation discussed in Chapter 4 and the large-
scale experiment discussed in Chapter 5 are compared in Table 6.1.
Table 6.1: Summary of experiment and simulation results. Simulation results
are shown in parenthesis.
Current I(t) Voltage V (t) Impedance Z(t)
# Ref. Peak [kA] Shape [s] Ref. Peak [kV] Ref. Min. [
]
1
I1A 5.2 3.5 / 9.3 V1A
151
Z1A
26.2
(146) (25.7)
I1B 28.6 3.9 / 9.7 V1B
492
Z1B
13.5
(514) (15.2)
2
I2A 6.7 5.5 / 14.1 V2A
166
Z2A
22.7
(161) (23.3)
I2B 28.2 5.7 / 13.8 V2B
447
Z2B
12.6
(438) (13.8)
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6.1.1 Summary
As can be seen in Table 6.1 the minimum transient impedance of a driven rod earth
electrode is considerably lower than its steady state resistance. This is true even
for relatively low values of impulse current, where the reduction is around 50% for
both current waveshapes. For high current values the reduction is as much as 80%
of the steady state value. The results support the dynamic model used in the thesis
since the reduction is slightly more marked for the longer current waveshape which
is consistent with the concept of an ionisation time constant.
The following sections present the results in more detail. For each current waveshape
two gures are shown: the rst contains the current and voltage curves, the second
contains the current and dynamic impedance curves. As discussed in Chapter 2
the dynamic impedance is calculated using:
Z(t) =
V (t)
I(t)
(6.1)
6.1.2 Current Waveshape 1
The results for current waveshape 1 are shown in Figure 6.1. The curves in the gure
are labelled consistent with the referencing system shown in Table 6.1. Although
the experiment results have been ltered as discussed in Appendix C the inductive
ringing is still partly present. Since the simulated results are created using the actual
experiment current this ringing appears in the simulated voltage waveshapes as well.
The noise resulting from the ring of the impulse generator is also evident within the
rst 1 s of the current and voltage waveshapes. As a result the dynamic impedance
during this time is meaningless and has therefore been omitted from the curves.
6.1.3 Current Waveshape 2
The results for current waveshape 2 are shown in Figure 6.2. Again the curves in the
gure are labelled consistent with the referencing system shown in Table 6.1, and the
initial part of dynamic impedance curves is not shown due to the noise created by
the ring of the impulse generator. Note that the simulated and experiment curve
for V2B dier - the sag before the current peak for the experiment measurement was
due to a partial failure in the ring mechanism of the impulse generator where the
high current magnitude caused a coiled spring mechanism to fail.
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(b) Current and dynamic impedance.
Figure 6.1: Comparison of experiment (solid line) and simulated (dashed line)
voltage and dynamic resistance values for current waveshape 1 { 4=10 s, 5 kA
and 29 kA. Multiple axes are used to plot current, voltage and impedance.
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(b) Current and dynamic impedance.
Figure 6.2: Comparison of experiment (solid line) and simulated (dashed line)
voltage and dynamic resistance values for current waveshape 2 { 6=14 s, 7 kA
and 29 kA. Multiple axes are used to plot current, voltage and impedance.
Note that the timescale is dierent to Figure 6.1.
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6.2 Discussion
There is strong agreement between the experiment and simulated values as can
be seen in Table 6.1 and Figures 6.1 and 6.2. The only minor discrepancy oc-
curs towards the end of the large magnitude current impulses where the simu-
lated impedance increases more than the experiment impedance. However, this
phenomenon can also be observed in the paper by Liew & Darveniza (1974) and has
been further addressed in recent work (Sekioka et al., 2006).
To explain why the simplication introduced by the thesis works, consider the sim-
ulated resistivity prole at a radius of 200 mm from the centre of the rod as shown
in Figure 6.3. The prole was generated using current I1B applied to the circuit
model discussed in Chapter 4. The times of key points are indicated on the curve.
It is clear that the resistivity of the soil in the immediate vicinity of the rod rapidly
reaches very low values in the dynamic model. Consequently, the eect of any local
or remote dierences in resistivity due to soil layering is minimised, since the soil
ionisation around the electrode dominates the impedance of the driven rod.
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Figure 6.3: Resistivity prole at a radius of 200 mm from the centre of the
driven rod generated by the dynamic impedance model. The time value at
specic points of the prole are shown.
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6.3 Validity of the Simplication
It is important to note that although measurable physical parameters are included in
the simulation model, the model makes no attempt to be an accurate reection of the
actual physical processes that occur. The model is considered sucient in that it can
predict the behaviour of an earth electrode subjected to a current impulse suitable
for engineering studies. Although some research has been published on the physical
processes (Erler & Snowden, 1983; Leadon et al., 1983; Oettle, 1987; Snowden &
Erler, 1983), the processes involved are not yet fully understood, primarily because
it is dicult to visually observe exactly what occurs under the surface of the ground.
In fact, little physical evidence exists to support the concept of a uniform ionisation
zone, and observations such as streamers occurring across the surface of the earth
and the formation of fulgurites in sand (Rakov & Uman, 2003) suggest that break-
down typically occurs in discrete channels. Petropoulos (1948) proposed that the
breakdown activity may look more like that shown in Figure 6.4a. For a driven rod
the activity may look like that shown in Figure 6.4b. The length of these channels
rarely exceeds 10 m (Phillips et al., 2004).
(a) Petropoulos (1948). (b) Driven rod.
Figure 6.4: Discrete breakdown channels around an earth electrode.
Nonetheless the simplication introduced in this thesis will still be valid for a discrete
channel breakdown model, since it can be argued that the resistance of the break-
down channel is likely to dominate the transient behaviour of the earth electrode,
and not the surrounding soil.
In the following chapter, the ndings of the thesis are summarised and areas for
further research are identied.
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Chapter 7
Conclusion and Recommendations
7.1 Conclusion
It has been shown that for a driven rod earth electrode installed in ground with vari-
ous layers, rather than having to consider the individual resistivities of all soil layers,
acceptable results can be obtained by using only the apparent bulk resistivity value
calculated from the steady state resistance equation and the measured steady state
current resistance. This represents a unique and valuable contribution to the eld
of earthing and lightning protection since it is a useful simplication to modelling
the transient behaviour of an electrode in commonly occurring soil conditions. The
simplication has been veried using large-scale experiment results and a simulation
model for impulse currents of up to 30 kA magnitude.
7.2 Recommendations for Further Research
The work discussed in this thesis provides a solid base upon which further research
in several areas can be performed:
 Additional experiment data obtained through testing a range of earth electrode
geometries under diering soil conditions would provide further verication of
the simplied approach introduced in the thesis. However, these experiments
will require considerable time and resourcing.
 More importantly, the physical processes that occur in the soil surrounding
an earth electrode subjected to a lightning current impulse are still not fully
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understood. Further research needs to focus on developing a method of visually
recording the breakdown processes involved to improve our understanding in
this area. The work performed by Hayashi (1967), where X-ray lm under
an earth electrode was used, should be revisited and explored further using
modern image processing techniques.
 Measuring the absolute voltage developed on an earth electrode necessary for
obtaining the dynamic impedance behaviour remains a challenge, and the novel
method proposed by Nixon et al. (2005) must be investigated further. The
recent development of a cost-eective eld mill and a re-usable rocket suitable
for triggered lightning experiments by Grant & Nixon (2006); Grant et al.
(2006) promise to be useful tools in testing this method, and answering many
other earthing and lightning protection research questions.
 The design by Nixon & Jandrell (2004a) of a modular and scalable measure-
ment system for measuring the dynamic impedance of cellular base station
earth electrodes must be fully implemented to obtain invaluable information
about earth electrode performance under natural lightning conditions.
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Appendix A
ATP-EMTP Source Code
This appendix contains the following ATP-EMTP source code:
 The MODELS implementation of the dynamic resistance described in
Chapter 4.
 An overview of the ATP-EMTP circuit and the corresponding main
data case le used to generate the simulation results in Chapter 6.
A.1 Introduction
For convenience, line numbers are provided on the left of the source code listings.
Keywords are shown in bold and any comments are shown in italics. For further
information on the keywords, syntax and structure of ATP-EMTP refer to Meyer &
Liu (1982) and Dube (1996).
A.2 Modied Liew-Darveniza Dynamic Model
The MODELS implementation of the modied Liew-Darveniza dynamic resistance
of a driven rod, as described in Chapter 4, is provided on the following pages.
Refer to Figure 4.2 (Page 21) for the algorithmic representation of this code.
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0 C                                                                     
C NIXONROD.MOD 18 Jan 2005
C
C   Modi f i ed Liew Darveniza model f o r concen t ra t ed e l e c t r o d e s
C
5 C Notes : Cons iders i o n i s a t i o n and d e i o n i s a t i o n zones as one comple te
C s h e l l and not s e v e r a l sub s h e l l s   good enough approx imat ion
C                                                                     
MODEL nixonrod
10                                                                       
COMMENT
Model d e r i v e d from paper "Dynamic model o f impu l se c h a r a c t e r i s t i c s
o f concen t ra t ed e a r t h s " by Liew and Darveniza , Proc . IEE ,
Vol . 121 , No . 2 , Feb 1974.
15
Important parameters o f t he model are :
rodr   r ad iu s o f d r i v en rod
r o d l   depth o f d r i v en rod
E0   c r i t i c a l s pa rkove r v o l t a g e g rad i en t , " gc "
20 t a u i   i o n i s a t i o n time cons t an t
taud   d e i o n i s a t i o n time cons tan t
rho0   low cur r en t va l u e o f r e s i s t i v i t y
Inpu t s and ou tpu t :
I i n   cur r en t i n t o ea r t h r e s i s t a n c e node
25 t imex   " p r e s en t " moment in t ime ( needed f o r i on i s n time con s t s )
RES   r e s i s t a n c e o f ea r t h rod
ENDCOMMENT
                                                                      
INPUT    i n pu t s to model
30 I i n
timex
OUTPUT    ou tpu t o f model
RES
DATA    s e t some d e f a u l t s
35 rodr f d f l t : 0 .008g
r od l f d f l t : 1 .8g
E0 f d f l t : 1000000g    E0 in V/m
t au i f d f l t : 2e 6g
taud f d f l t : 4 . 5 e 6g
40 rho0 f d f l t : 1000g
VAR Iabs , RES, ionr , deionr , idens , idensc , rhoion , rhodeion
RESi , RESd, RESn, tde iononset , t i ononse t , rhom , go t idensc
INIT
de ionr := 0    max . rad i u s o f i on i s n (" rcm")
45 i on r := 0    r ad iu s t h a t d e s c r i b e s i on i s n zone
i d ensc := E0 / rho0    c r i t i c a l cu r r en t d e n s i t y
i dens := 0    cur r en t d en s i t y f o r d e i on i sn zone
rhom :=  1    need to wa i t t i l l l a t e r to f i n d t h i s out
t i onon s e t :=  1    onse t t ime o f i o n i s a t i o n ( 1=no ion ye t )
50 tde i ononse t :=  1    onse t t ime o f d e i o n i s a t i o n ( 1 no deion )
go t idens c :=  1    have reached i d en s c a t some po in t
rho ion := 0    r e s i s t i v i t y o f i on i s n zone (0 i n i t i a l l y )
rhodeion := 0    same f o r d e i on i sn zone (0 i n i t i a l l y )
ENDINIT
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55
EXEC
Iabs := ABS( I i n )    make sure we have magnitude  o f cu r r en t
IF Iabs = 0 OR timex = 0 THEN    NB low cur r en t c ond i t i o n s app l y
60    f o r I=0, t=0   h e l p s ATP out
RES := rho0 /(2PI r od l )  LN( ( rodr+rod l )/ rodr )
ELSE    now we must l o o k a t where i o n i s a t i o n i s
   i o n i s a t i o n c r i t i c a l r ad i u s ( s o l n o f cu r r en t d e n s i t y c a l c )
i on r := (  r od l + SQRT( rod l  r od l + 2 Iabs /(E0/ rho0pi ) ) ) / 2
65 IF i on r < rodr THEN    b a s i c a l l y no i o n i s a t i o n   s e t to rodr
i on r := rodr
ENDIF
   Consider i o n i s a t i o n reg ion , i f a p p l i c a b l e
70 IF i on r <= rodr THEN    i f no ion i sn , r e s i s t i v i t y o f r e g i on=0
rho ion := 0
ELSE
IF t i onon s e t =  1 THEN    go t s t a r t o f ion i sn , make a note
t i onon s e t := timex    save p r e s en t t ime
75 ENDIF
   r e s i s t y in r e g i on g i v en by eqn 8 in Liew paper
rho ion := rho0  EXP( ( timex t i onon s e t )/ tau i )
ENDIF
80 IF i on r > de ionr THEN    i on i s n zone must have extended , t hus
de ionr := ionr    make a note o f t h i s new max rad iu s
ENDIF    u l t im a t e l y t h i s i s "rcm" boundary
   Consider d e i o n i s a t i o n reg ion , i f a p p l i c a b l e
85 IF i on r < de ionr THEN    go t d e i o n i s a t i o n zone i f t h i s i s t r u e
   cur r en t d en s i t y c a l c u l a t i o n
i dens := Iabs / (2PI de ionr  r od l + 2PI de ionr  de ionr )
   some numerica l rounding means we must l o o k f o r .999
90 IF i dens >= 0.999 i d ensc THEN    reached c r i t i c a l cu r r en t d e n s i t y
go t idens c := 1    needed to mark s t a r t o f de ion
ENDIF
   i f d e i o n i s a t i o n not a l r e ady happening
   c a t e r f o r no i sy cu r r en t waveform and the f a c t t h a t not a l l
95    s h e l l s are cons i d e r ed
IF rhom =  1 AND t i onon s e t <>  1 AND
got idens c <>  1 AND idens < 0 .8 i d ensc THEN
rhom := rhoion    record t h i s parameter ( ' rhoi ' in Liew paper )
tde i ononse t := timex    " t " i s d e f i n e d from de i on i sn onse t
100 ENDIF
   need to c a l c d e i on i sn rho i f s t a r t e d
IF tde i ononse t <>  1 THEN    now we have d e i o n i s a t i o n
   next , r e g i on where i on i sn was presen t , bu t
rhodeion := rhom + ( rho0 rhom)     Jc no l ong e r exceeded
105 (1   EXP( ( timex tde i ononse t )/ taud ) )  (1   i dens / idensc )2
ENDIF
ELSE    o therw i se , ensure no d e i o n i s a t i o n zone
rhodeion := 0
ENDIF
Appendix A. ATP-EMTP Source Code 44
110
   Now f i n d the c o n s t i t u e n t r e s i s t a n c e s o f t he zones
RESi := rhoion /(2PI r od l )
RESi := RESi( LN( de ionr ( rodr+rod l ) / ( rodr ( i on r+rod l ) ) ) )
115    d e i o n i s a t i o n ( shou l d s t r i c t l y con s i d e r sub s h e l l s , bu t
RESd := rhodeion /(2PI r od l )    lumping as one i s good enough
RESd := RESd( LN( de ionr ( i on r+rod l ) / ( i on r ( de ionr+rod l ) ) ) )
   no i o n i s a t i o n here
120 RESn := rho0 /(2PI r od l )  LN( ( de ionr+rod l )/ de ionr )
   E f f e c t i v e r e s i s t a n c e i s sum o f the o t he r components
RES := RESi + RESd + RESn
125 ENDIF
ENDEXEC
ENDMODEL
                                                                      
A.3 ATP-EMTP circuit detail
Figure A.1 provides an overview of the ATP-EMTP circuit used to generate the
simulation results which will assist in understanding the main data case le.
I(t)
1 m

T1
T1MD ;E0; fii; fid; rrod; lrod
Inputs: time; I(T1)
I(T1)
TERRA
File: I.PL4
CURR
GENI
10 M
 V (t)
Figure A.1: Detail of the ATP-EMTP circuit used to generate the simulation
results. Node names (GENI,T1,TERRA) and selected details are provided to
facilitate understanding of the main data case le shown in the following section.
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A.4 Main Data Case File
The main data case le for the ATP-EMTP simulation is listed below. The correct
column alignment of characters in an ATP-EMTP data case le is essential, and has
therefore been retained in the listing.
0 C                                                                               
C SIMULATE.DAT 2005 01 19
C
C Use measured cu r r en t waveshape from l a r g e s c a l e e xpe r imen t s and
C dynamic r e s i s t a n c e model t o s imu l a t e v o l t a g e and r e s i s t a n c e .
5 C                                                                               
BEGIN NEWDATA CASE
C     t emp l a t e f o r nex t card . MULPPF LUNPPF L63TYP
POSTPROCESS PLOT FILE 1 63 3
C Modify " i . p l 4 " in t h e f o l l o w i n g l i n e f o r d i f f e r e n t exper iment c u r r e n t s
10 $OPEN, UNIT=63 FILE=[ ] i . p l 4 ! f Expected to be C  l i k e (L4BYTE = 1)
C d e l t a t tmax xop t cop t e p s i l n t o lma t t s t a r t
8 .E 9 2 5 .E 6 0 0
C Use t h e f o l l o w i n g f o r s h o r t e r du ra t i on cu r r en t waveshapes
C 4 .E 9 15 .E 6 0 0
15 C p r i n t p o i n t s connec s s minmax vary aga in p l o t
1 1 1 1 1 2
C NB   must have p l o t s e t t o 2 o t h e rw i s e source p l 4 g e t s removed
C ==============================================================================
MODELS
20
INPUT cu r rk fPL4 ( 1 )g
t ime fATP( t )g
OUTPUT g en i
25    I /O f o r models
                                                                    Inpu t /Output
INPUT
   d r i v en rod
i t 1 f i ( t1 ) g
30 OUTPUT
  d r i v en rod
t1md
                                                              Model d e f i n i t i o n s :
MODEL l c u r s r c    exper iment cu r r en t " source "
35 VAR
cu r r
INPUT
timex , c u r r t
OUTPUT
40 cu r r
EXEC
cu r r := c u r r t
ENDEXEC
ENDMODEL
45    i n c l u d e dynamic r e s i s t a n c e model d e f i n i t i o n
$INCLUDE n ixonrod .mod
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                                                                Model i n s t a n c e s :
   The cu r r en t source
USE
50 l c u r s r c AS g en i
INPUT t imex := t ime
c u r r t := cu r rk
OUTPUT g en i := cu r r
ENDUSE
55    The d r i v en rod : Note t h a t t h e d e f a u l t s in NIXONROD are :
   rodr =0.008 , r o d l =1.8 , E0=1000000 , tau1=2e6 , tau2 =4.5e 6, roe0=?
USE
n ixonrod AS t1md
DATA
60 rho0 := 139
r o d l := 2 . 6 67
rod r := 0 . 0159/2
E0 := 300000
INPUT I i n := i t 1
65 t imex := t ime
OUTPUT t1md := r e s
ENDUSE
                                                      Pr in t ed / p l o t t e d v a r i a b l e s :
RECORD t1md . r e s AS t1md
70
ENDMODELS
C ==============================================================================
C Branch card s
C d r i v en rods
75 C NODE 1NODE 2TACS RES f T91 i s Re s i s t an c e ( u s in g models )
91T1 TACS T1MD
C Make sure cu r r en t source appears " connec ted " to i n j e c t i o n po i n t
C NODE ANODE BNODE CNODE D R L C
GENI T1 0 . 0 01
80 C Avoid numer ica l o s c i l l a t i o n s and record measurement
GENI 10 . E6 2
BLANK card end ing branch ca rd s
C ==============================================================================
C Swi tch card s
85 C Swi tch in t h e l i g h t n i n g cu r r en t
GENI T1 MEASURING 1
BLANK card end ing sw i t ch ca rd s
C ==============================================================================
C Source card s
90 C IV 0= v o l t  1=curr
60GENI  1
BLANK card end ing s ou r c e c a rd s
C ==============================================================================
C Output v a r i a b l e s
95 C NODE1 NODE2 NODE3 NODE4 NODE5 NODE6 NODE7 NODE8 NODE9 NODE10NODE11NODE12NODE13
BLANK card end ing output v a r i a b l e r e q u e s t s
C ==============================================================================
BLANK card end ing plot c a rd s
C ==============================================================================
100 BEGIN NEWDATA CASE
BLANK card end ing s e s s i o n
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Appendix B
Modied Dynamic Impedance Model
The key modication introduced to the Liew-Darveniza model in Chap-
ter 4 is summarised. Using current waveshapes and parameter values sim-
ilar to those used in body of the thesis the modied model is compared
against an alternative implementation. It is concluded that the modied
model adequately describes the dynamic behaviour of a driven rod earth
electrode.
B.1 Modied Liew-Darveniza Model
The simulation results obtained using the model described in Chapter 4 compare
favourably with the experiment results as shown in Chapter 6. However, this model
is a signicantly modied version of the one originally proposed by Liew & Darveniza
(1974). In the Liew-Darveniza model multiple shells of resistance are considered,
each with thickness d, and each in their own state of ionisation and de-ionisation.
The modied version simplies this by considering only three major zones, eectively
lumping multiple shells together, as detailed in the algorithmic representation of the
model (Figure 4.2 on Page 21). This key dierence is summarised in Figure B.1
where the three major zones are indicated.
To investigate the impact of this modication the behaviour predicted by the modi-
ed model is compared to that predicted by an implementation of Liew-Darveniza's
model by Anderson (Phillips et al., 2004, Appendix B). In the following sections the
current waveshapes and parameter values used for the comparison are discussed,
and the ndings of the investigation are summarised.
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1
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I
a
d
(a) Liew-Darveniza
2
1
3
d
i
soil
rd
ri
I
(b) Modied model by Nixon
Figure B.1: Illustrating the key dierence between the modied and origi-
nal Liew-Darveniza model. Three major zones exist: (1) ionisation, (2) de-
ionisation and (3) no activity.
B.2 Current Waveshapes Used for Comparison
Current waveshapes similar to those used in the large-scale testing, summarised in
Table B.1, were used when comparing the two models. The tail-time of the cur-
rent waveshapes was set to 35 s since the Anderson model enforced this lower
limit, being more representative of a realistic lightning current tail-time (Ander-
son & Eriksson, 1980). In the following section the parameter values used in the
comparative simulations are provided.
Table B.1: Current impulse waveshapes used for model comparison.
Shape Reference Peak [kA] Waveshape [s]
1
I1A 5 4 / 35
I1B 30 4 / 35
2
I2A 5 6 / 35
I2B 30 6 / 35
B.3 Parameter Values
The parameter values used as inputs to both models are summarised in Table B.2.
The parameters are as similar as possible to those used in the body of the thesis
(discussed in detail in Chapter 4). Most importantly a bulk apparent resistivity of
the multi-layer soil is used. The results are presented in the next section.
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Table B.2: Parameter values used in models.
Soil parameters:
 resistivity [
m] 140
E0 breakdown gradient [kV=m] 300
fii ionisation time constant, [s] 2.0
fid de-ionisation time constant [s] 4.5
Electrode parameters:
rrod radius of rod [mm] 8
lrod length of rod [mm] 2700
B.4 Results
The results of the comparative study are summarised in Table B.3. The steady state
resistance value, minimum dynamic value and percentage reduction are provided for
each current waveshape. As can be seen the minimum dynamic impedance is similar
for both current waveshapes since the extended tail-time results in more ionisation
and hence more reduction in resistance for both waveshapes. Note that the steady
state value for the Anderson model is 6% higher since the Sunde (1949) equation
was used rather than the Liew & Darveniza (1974) equation. However, there is good
agreement between the two models for the percentage reduction in impedance and
both models produce similar dynamic impedance curves as shown in Figure B.2.
Table B.3: Comparison between Nixon's modied Liew-Darveniza model and
Anderson's Liew-Darveniza model. Values for Anderson's model are shown in
parenthesis. Note: S.-S.)Steady State; Redn)Reduction.
Current I(t) Impedance Z(t)
# Ref. Peak [kA] Shape [s] Ref. S.-S. [
] Min. [
] % Redn
1
I1A 5 4 / 35 Z1A
25.4 53%
48.1 (28.2) (55%)
I1B 30 4 / 35 Z1B
(51.2) 13.5 28%
(16.6) (32%)
2
I2A 5 6 / 35 Z2A
25.4 53%
48.1 (28.3) (55%)
I2B 30 6/ 35 Z2B
(51.2) 13.5 28%
(16.7) (33%)
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(a) Current waveshape 1 { 4=35 s.
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(b) Current waveshape 2 { 6=35 s.
Figure B.2: Comparison between Nixon's modied Liew-Darveniza model
(solid line) and Anderson's Liew-Darveniza model (dashed line) dynamic re-
sistance behaviour. Multiple axes are used to plot current and and impedance.
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B.5 Conclusion
Results obtained using the modied version of the model originally proposed by
Liew & Darveniza (1974) agree with the experiment data as well as an alternative
implementation by Anderson (Phillips et al., 2004, Appendix B). Although there is a
small dierence (6%) in the predicted steady state value the trend of the non-linear
behaviour is very similar between the two models. It is concluded that the modied
model adequately describes the non-linear dynamic behaviour of a driven rod earth
electrode.
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Appendix C
Measurement Considerations
The measurement challenges encountered in the experiment are discussed.
The inadvertent resonance in the setup is characterised and its source is
explained. Details are provided on the lter used to remove the unwanted
noise. The raw unltered and nal ltered experiment data is presented.
C.1 Measurement Challenges
Signicant measurement challenges were introduced by the physical extent of the
experiment setup, the substantial electromagnetic noise generated, and the high
magnitudes of di=dt involved. Special attention was therefore given to preventing
unwanted noise coupling into the measurements through the use of good bonding
and shielding practises, as can be seen in Figure C.1.
(a) Low voltage arm of high
voltage divider and bre optic
transmitter.
(b) Current transformer
and bre optic trans-
mitter.
(c) Digital storage oscilloscope
and bre optic receiver enclosed
in shielded box (closed during
ring).
Figure C.1: Photographs of measurement equipment. All sensitive components
were shielded by using ferromagnetic enclosures and thorough bonding.
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Despite these eorts, initial stages of testing revealed that an inadvertent resonance
had been introduced due to the components and geometry of the experiment setup.
This resonance manifested itself as an inductive ringing and was particularly evident
on the front of the voltage measurements for high current impulses. Given the
limitations of the equipment and the physical geometry involved there was little that
could be done to avoid this ringing, and it was necessary to lter the measurements to
remove the noise. The following sections characterise this inductive ringing, explain
its source and its removal, and show the raw unltered measurements from which
the data used in the body of the thesis is derived.
C.2 Frequency Analysis of Measurement with Noise
To investigate the inductive ringing observed in the measurements the earth elec-
trode under test was \removed" from the circuit by directly connecting the top of the
electrode to the surrounding elliptical foil ring electrode (described in Section 5.4)
using a wide at piece of aluminium foil. A low magnitude current impulse,  3 kA,
was then applied to the setup and the measurement made by the voltage divider was
recorded. In theory the measurement should approximately describe V = Ldi=dt
since only the volt-drop across the 10 m long at piece of foil is being measured.
However, as can be seen in Figure C.2a, the inductive ringing is still evident. The
discrete Fourier transform of this measurement, shown in Figure C.2b, reveals a
signicant peak near 1 MHz.
Voltage [kV]
0 10 20 30
 3
 2
 1
0
1
Time [s]
(a) Voltage measured across aluminium foil.
Magnitude [dB]
0.1 0.2 0.5 1 2 5 10
 40
 30
 20
 10
0
Frequency [MHz]
(b) Discrete Fourier transform of signal.
Figure C.2: Measurement containing inductive ringing obtained by shorting
out the earth electrode under test.
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To understand the source of this unwanted noise it is necessary to analyse the mea-
surement circuit involved, and this is done in the following section.
C.3 Analysis of Voltage Measurement System
A photograph illustrating the test arrangement described in the previous section is
shown in Figure C.3. Details of the connections between various points of the setup
are provided in a list following the gure.
A
F
B
C
E
D
earth electrode
generator return
generator ouput
L1, RG1 L3, RG3
C1, R1
L2, RG2
Figure C.3: Photograph of high voltage measurement circuit. Key points are
shown (A. . . F) as well as circuit parameters introduced in Figure C.4.
Point (A) to (B): the output of the generator is connected to the driven rod earth
electrode. This connection was shaped in a sweeping arc to minimise the loop area
(A-B-F), hence minimising the ux linkage to loop (B-D-E), thereby reducing
unwanted noise from coupling into the voltage measurement.
Point (B) to (C): this connection was not present during normal testing and was
only introduced to investigate the ringing noise. It shorts out the earth electrode by
making a direct connection to the outer elliptical ring electrode. The self-inductance
and resistance of this connection are denoted L1 and RG1.
Point (C) to (D): this is the bond between the high voltage divider earth and the
overall experiment earth with self-inductance and resistance L3 and RG3.
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Point (B) to (E): the driven rod earth electrode is connected to the high voltage
input of the divider. Again this connection was shaped in a sweeping arc to minimise
the loop area (B-D-E), hence minimising unwanted noise coupling into the mea-
surement from loop (A-B-F). The self-inductance and resistance of this connection
are denoted L2 and RG2.
Point (C) to (F): this connection ensures that there is a dened earth return path
to the impulse generator. Not shown in the gure is a second additional connection
from the outer ring electrode to the generator earth (refer to Figure 5.2).
Point (D) to (E): this is not a connection, but indicates the high voltage arm
of the mixed capacitive/resistive lightning impulse divider. The capacitance and
resistance of the high voltage arm denoted C1 and R1 respectively.
A simplied equivalent circuit of this setup is shown in Figure C.4. In the circuit,
a current consisting of a range of frequency components is injected through the foil
(L1, RG1). The injected current develops a voltage, Vm, which is the objective of
the measurement. The foil is joined to the high voltage impulse divider with non-
zero impedances (L2, RG2 and L3, RG3). As a simplication the eect of mutual
impedances are ignored in the model. The voltage divider consists of a high voltage
arm (C1, R1), a low voltage arm (C2) and a measurement cable (R2, C3). The input
impedance of the bre optic measurement transmitter is represented by R3.
10 MHz
to
1 Hz
Vm
L1
RG1
L2 RG2
C1
R1
C2
R2
C3 R3 VoutRG3L3
Figure C.4: High voltage impulse divider measurement circuit. Component
details and values are provided in Table C.1.
A summary of the components and their values is provided in Table C.1. The
impedances of the measurement connections were approximated by assuming a per
unit length self inductance of 1:2 H=m (Grover, 1962) and resistance of 1 
=km.
The voltage divider measurement cable was 25 m in length and had a characteristic
impedance of 75 
 and per unit length capacitance of 65:6 pF.
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Table C.1: Summary of components in equivalent circuit of high voltage impulse
divider measurement circuit - refer to Figure C.4 .
Parameter Details Value
L1, RG1 Self inductance and resistance of (B-C) 12 H, 0:01 

L2, RG2 Self inductance and resistance of (B-E) 18 H, 0:015 

L3, RG3 Self inductance and resistance of (C-D) 4:8 H, 0:004 

C1 Capacitance of high voltage arm of divider 500 pF
R1 Resistance of high voltage arm of divider 150 

C2 Capacitance of low voltage arm of divider 750 nF
R2 Characteristic impedance of the measurement
cable connected to the divider
75 

C3 Lumped capacitance of measurement cable 1:64 nF
R3 Input impedance of bre optic system 10 M

The measurement setup was analysed by performing a SPICE simulation (Pederson
et al., 1989) of the equivalent circuit shown in Figure C.4. A xed current magnitude
was injected into the circuit over a range of frequencies to obtain the frequency
response of the system. The results of the analysis are shown in Figure C.5. Clearly
evident is the peak that occurs around 1 MHz. The simulation was repeated with
the foil (L1, RG1) replaced by a 50 
 resistor representative of the steady state
resistance of the driven rod. The same resonance peak was observed, although
it was attenuated relative to the previous simulation. It was concluded that the
unwanted inductive ringing was a result of the measurement circuit conguration
and that it would be necessary to lter the measurements. The lter that was used
to remove the ringing is summarised in the following section.
0.001 0.01 0.1 1 10
 60
 40
 20
0
Frequency [MHz]
M
ag
n
it
u
d
e
[d
B
]
Figure C.5: Normalised frequency response of voltage measurement system.
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C.4 Filter Details
The unwanted ringing was removed by post-processing the raw measurements using
a digital band-stop second-order Chebyshev type-II lter (Stearns & David, 1988).
The lter had 40 dB attenuation in the stop and edges at 800 kHz and 1100 kHz.
The frequency response of the implemented lter is shown in Figure C.6. The lter
was applied to both voltage and current measurements to prevent the phase shift
introduced by the lter from aecting the calculation of the dynamic impedance of
the electrode, Z(t) = V (t)=I(t). In the following section the raw unltered and nal
ltered measurements are presented.
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Figure C.6: Frequency response of lter used to remove unwanted signal.
C.5 Raw and Filtered Experiment Data
The raw unltered and nal ltered experiment data is shown in Figures C.7 and
C.8. Note that additional post-processing has been applied to the nal ltered data,
including the adjustment for the delay between the current and voltage measurement
systems as well as the application of a 10 MHz low pass lter. This additional post-
processing is explained in more detail in Section 5.6.
As can be seen in Figures C.7a and C.8a the ltered experiment voltage and current
measurements no longer contain the unwanted inductive ringing, enabling better
calculation of the dynamic impedance data as shown in Figures C.7b and C.8b.
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(a) Measured current and voltage.
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(b) Calculated dynamic impedance.
Figure C.7: Raw (dashed line) and ltered (solid line) experiment data for
current waveshape 1 { 4=10 s, 5 kA and 29 kA.
Appendix C. Measurement Considerations 59
5
10
15
20
25
0 5 10 15
I2A
I2B
100
200
300
400
500
V2A
V2B
- - raw
| ltered
Time [s]
V
ol
ta
ge
[k
V
]
C
u
rr
en
t
[k
A
]
(a) Measured current and voltage.
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(b) Calculated dynamic impedance.
Figure C.8: Raw (dashed line) and ltered (solid line) experiment data for
current waveshape 2 { 6=14 s, 7 kA and 29 kA.
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C.6 Conclusion
The inadvertent resonance discovered in the setup was found to be caused by the
components and geometry of the experiment setup. This resonance manifested itself
as an inductive ringing and was particularly evident on the front of the voltage
measurements. It was necessary to lter the measurements to remove this noise using
a band-stop lter. The nal ltered experiment data enabled better calculation of
the dynamic impedance data used in the thesis.
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